A dinitrogen-bridged dimolybdenum-tetrachloride complex is prepared and reduced with Super-Hydride (LiBHEt 3 ) to afford the corresponding dimolybdenum-dinitrogen complex together with the formation of molecular dihydrogen. This reaction proceeds via the ligand exchange of the coordinated dihydrogen generated in situ with molecular dinitrogen.
The development of a nitrogen fixation system under mild reaction conditions is one of the most important subjects in chemistry. 1 Quite recently, we have found another successful example 2 of the catalytic formation of ammonia from molecular dinitrogen under ambient conditions, where dinitrogen-bridged dimolybdenum-dinitrogen complexes work as an effective catalyst. 3 In this reaction system, a sequential process of protonation and reduction is necessary to transform the coordinated molecular dinitrogen into ammonia at the molybdenum atom of the catalyst. Interestingly, a similar process may occur at the active site of nitrogenase to convert molecular dinitrogen into ammonia under ambient conditions. 4 As the next stage of the previous work, we have focused on the development of the catalytic formation of ammonia from molecular dinitrogen and dihydrogen at ambient temperature and pressure.
5,6 Previously, we have found the stoichiometric formation of ammonia from the reaction of a tungsten-dinitrogen complex with an excess amount of ruthenium-dihydrogen complex under mild reaction conditions. 6 After the reaction, a ruthenium-hydride complex was observed together with high oxidative tungsten species without nitrogenous ligands. To achieve the catalytic formation of ammonia as the next nitrogen fixation, in place of the Haber-Bosch process, 7 the rutheniumhydride species should reduce the high oxidative tungsten species to regenerate the corresponding tungsten-dinitrogen complex. However, unfortunately, the tungsten species can not be reduced with the ruthenium-hydride species or with other hydride species such as LiBHEt 3 .
6
As the first stage of the development of the catalytic formation of ammonia from molecular dinitrogen and dihydrogen under mild reaction conditions, we envisaged the reaction of the high oxidative molybdenum complexes with hydride species to regenerate the corresponding dinitrogen complexes as starting catalytic species. In this reaction, the high oxidative molybdenum complexes can be reduced into the corresponding dinitrogen complexes, where the ligand exchange of the coordinated dihydrogen with molecular dinitrogen may be involved as a key step to regenerate the corresponding dinitrogen complexes. Herein, we describe the preparation of the dinitrogen-bridged dimolybdenum-tetrachloride complex bearing a PNP-type pincer ligand and the reduction of the dimolybdenum-tetrachloride complex with Super-Hydride (LiBHEt 3 ) to afford the corresponding molybdenum-dinitrogen complex together with the formation of molecular dihydrogen.
Treatment of [MoCl 3 (PNP)] 3 (1:PNP = 2,6-bis(di-tert-butylphosphinomethyl)pyridine) with 1 equiv. of KC 8 in THF at room temperature for 20 h under an atmospheric pressure of dinitrogen gave the dinitrogen-bridged dimolybdenum-tetrachloride complex [MoCl 2 (PNP)] 2 (m-N 2 ) (2) in 64% yield (Scheme 1). No informative data on the structure of 2 were obtained from its NMR spectra due to the paramagnetism. A more detailed molecular structure of 2 is determined by X-ray crystallographic study ( These phenomena can be explained by the enhancement of the N-N p-bonding between the two nitrogen atoms of the bridging dinitrogen ligand. The reduction of 2 into 3 increases the population of the LUMO, which is responsible for the N-N p-bonding character. Similar phenomena were observed in a series of dinitrogen-bridged dimolybdenum complexes bearing bulky amido ligands developed by Cummins and co-workers. 8 Next, the novel dinitrogen-bridged dimolybdenum-tetrachloride complex 2 was applied as a catalyst toward the catalytic reaction of molecular dinitrogen to form ammonia under ambient conditions.
3 Unfortunately, 2 did not work as an effective catalyst toward the catalytic reaction. This result prompts us to investigate the stoichiometric reactivity of the coordinated dinitrogen ligand toward the protonation. The reaction of 2 with an excess amount of sulfuric acid in THF at room temperature for 24 h did not result in the formation of ammonia and hydrazine at all (Scheme 2). This result suggests that the bridgingdinitrogen moiety in 2 may be less reactive toward the protonation than the terminal dinitrogen ligands in 3, where the formation of stoichiometric amounts of ammonia and hydrazine (0.6 equiv. of ammonia and 0.06 equiv. of hydrazine based on the Mo atom in 3, respectively) was observed under the same reaction conditions.
3
Next, we investigated the reduction of 2 with an excess amount (10 equiv.) of LiBHEt 3 in THF at room temperature for 20 h under an atmospheric pressure of dinitrogen to afford 3 in 43% isolated yield together with the formation of molecular dihydrogen in 200% GLC yield (2 equiv. based on 2) (Scheme 3). Separately, we confirmed the almost complete consumption of 2 by ESI-TOF-MS. Based on the result of the formation of molecular dihydrogen, we consider the following proposed reaction pathway leading to the formation of 3 (Scheme 4). At first, a dinitrogen-bridged dimolybdenum-tetrahydride complex (A) may be formed from the reaction of dimolybdenum-tetrachloride complex 2 with LiBHEt 3 and then the dinitrogen-bridged dimolybdenum-tetrahydride complex A is converted into the dinitrogen-bridged dimolybdenum-bis(dinitrogen) complex (C) via a dinitrogen-bridged dimolybdenum-bis(dihydrogen) complex (B) as a key intermediate. The ligand exchange of the coordinated (9) molecular dihydrogen with molecular dinitrogen may be a key step to transform 2 into 3. 9, 10 In fact, unfortunately, we
have not yet observed the formation of the dinitrogen-bridged dimolybdenum-bis(dihydride) and bis(dihydrogen) complexes such as A and B by ESI-TOF-MS. However, when the reduction of 2 with LiBHEt 3 was carried out under an atmospheric pressure of argon, in place of dinitrogen, the formation of the dinitrogen-bridged dimolybdenum-dichloride-dihydride complex [Mo(H)Cl(PNP)] 2 (m-N 2 ) (4) was observed by ESI-TOF-MS from a reaction mixture after the reduction.
11
Separately, we confirmed that only a small amount of 3 was observed by 1 H NMR in the direct reduction of 1 with an excess amount of LiBHEt 3 in THF at room temperature for 20 h under an atmospheric pressure of dinitrogen. This result indicates that the stepwise reduction of 1 via 2 as a reactive intermediate into 3 provides a novel approach to the preparation of dinitrogenbridged dimolybdenum-dinitrogen complexes. We believe that this process provides useful information to design the catalytic formation of ammonia from molecular dinitrogen and dihydrogen under mild reaction conditions. 9, 10 Interestingly, we confirmed the formation of 2 from the oxidation of 3 with 4 equiv. of AgCl in THF at room temperature for 20 h under an atmospheric pressure of dinitrogen (Scheme 5). This is the reverse of the reductive transformation of 2 into 3. These results indicate that the bridging-dinitrogen ligand may be tightly coordinated to the two molybdenum atoms in 2 and 3 during the oxidation process.
In summary, we have prepared a novel dinitrogen-bridged dimolybdenum-tetrachloride complex bearing PNP-type pincer ligands and reduced the dimolybdenum-tetrachloride complex with Super-Hydride to form the corresponding dinitrogenbridged dimolybdenum-dinitrogen complex together with molecular dihydrogen. We believe that the reduction of high oxidative molybdenum complexes with hydride species to regenerate the corresponding dinitrogen complexes is one of the most important steps to realize the catalytic formation of ammonia from molecular dinitrogen and dihydrogen under mild reaction conditions. 12 Further studies on the preparation and reactivity of molybdenum-and iron-complexes bearing other pincer ligands are currently underway. [13] [14] [15] This work was supported by the Funding Program for Next Generation World-Leading Researchers (GR025). S.K. is a recipient of the JSPS Predoctoral Fellowships for Young Scientists.
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